Experimental and clinical studies have revealed the effectiveness of a specific nutrient synergy (SNS) mixture composed of ascorbic acid (AA), lysine, proline, arginine, epigallocatechin gallate (EGCG) and other micronutrients in targeting crucial physiological mechanisms involved in cancer progression and metastasis. HTLV-1 causes adult T-cell leukemia (ATL). The spread and metastases of ATL as well as other tumors has been associated with matrix metalloproteinases, especially the gelatinases MMP-2 and MMP-9. The objective of this study was to investigate whether SNS, AA and EGCG affects the gelatinolytic activity of MMP-2 and its transcriptional and translational levels in HTLV-1-positive and -negative malignant T-cells. The results indicated that SNS and EGCG caused a dose-dependent decline in the activity, transcription and translation of MMP-2 after treatment with SNS and EGCG, while AA was only able to inhibit the activity at maximum doses tested and to some extent, the protein expression levels of MMP-2, without affecting their transcriptional levels. The highest activity was noted in the case of SNS which is likely to be due to a synergistic effect of the different constituents in the formulation. These results point towards the potential integration of SNS in the anti-invasive treatment of ATL and related diseases.
Introduction
The human T-cell lymphotropic virus type I (HTLV1) is a retrovirus estimated to have infected 5-10 million people worldwide, resulting adult T-cell leukemia (ATL) in ≤5% of the cases (1, 2) . Aggressive ATL can be associated with the frequent involvement of the gastrointestinal tract as well as meningeal or cerebral infiltration by neoplastic lymphocytes. The extravasation of ATL cells from the blood stream to these secondary organs is mediated by the expression of matrix metalloproteinase (MMP) -2 and -9 that will, subsequently, degrade the subendothelial basement membrane, hence aiding metastasis (3) . In fact, these extracellular proteases have been reported to promote the proliferation, angiogenesis and metastatic potential of tumor cells. As such, a number of promising strategies have been devised to repress the expression or enzymatic activity of MMPs; however, their implementation in clinical trials revealed meager performance (4) . Therefore, it is imperative to test alternative approaches that can effectively target these metalloproteinases in cancer in general and ATL specifically.
Experimental and clinical studies have revealed the effectiveness of a specific nutrient synergy mixture composed of ascorbic acid (AA), lysine, proline, arginine, epigallocatechingallate (EGCG) and other micronutrient, also known as SNS, in targeting crucial physiological mechanisms involved in cancer progression and metastasis (5) (6) (7) . This natural assortment of nutrients, has exhibited synergistic anticancer properties in a large number of cancer cell lines, in part, by inhibiting MMP-2 and MMP-9 secretion (8) (9) (10) (11) (12) (13) . With respect to ATL, we have previously documented that SNS induces an antiproliferative and pro-apoptotic effect in HTLV1 infected malignant T-cells (14, 15) and inhibits the transcriptional expression and activity
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of MMP-9 in these cells (Harakeh at al, unpublished data). However, to our knowledge, there has not been any study on the effect of SNS on MMP-2 expression and activity in ATL. AA, a major constituent of SNS, has been integrated into the formulation based primarily on its own established cytotoxic and anti-metastatic actions against a number of cancer cell lines (16) , including HTLV1 infected malignant T-cells (17) and inhibited MMP-9 expression and activity (unpublished data). Indeed, high dose ascorbate has been indicated to impede cancer growth via the prevention of cancer cell invasion (18) which is supported by the fact that AA is required for collagen synthesis that increases the stability of the extracellular matrix (ECM) (19) . In addition to its anticancer effects, AA has been reported to harbor an effective activity against both RNA and DNA viruses (20) . EGCG, which is the one of the most abundant catechins that are responsible for the antioxidant properties of green tea, is another major constituent of SNS. Previous study has indicated that it possesses pro-apoptotic and anti-proliferative effects on ATL cancer cells (21) , and also acts to inhibit the invasiveness of cells by negating the activity of MMP-9 (22) .
In light of the above, and since metastasis is the chief cause of death of patients suffering from malignant tumors (23) and the existing standard treatment against aggressive ATL continues to be inadequate (24) , the aim of this study was to investigate the respective differential effects of the nutrient mixture SNS and two of its main components AA and EGCG on the activity of MMP-2 as well as its expression at the transcriptional and translational levels in both HTLV-I-infected and non-infected malignant T-cells, so as to determine the potency of each of these nutrients on the invasive potential of ATL cells.
Materials and methods
Cell lines. Two HTLV-1-positive (HuT-102 and C91-PL) and -negative (CEM and Jurkat) ATL cell lines were used. The cells were maintained in RPMI-1640 media with 25 mM of HEPES supplemented with 10% fetal bovine serum with 100 µg/ml of streptomycin and 100 U/ml of penicillin in 37˚C and 5% CO 2 . Cells were split every two days at a cell:media ratio of 1:4.
Compounds

SNS.
The specific nutrient synergic mixture was obtained from Dr. Rath Research Institute and was dissolved in RPMI-1640 media in stock solutions of 33.3 mg/ml. The solution of 1 mg/ml of SNY contains 900 µM of ascorbate, 1.1 mM of lysine, 1.1 mM of proline, 500 µM of arginine, 250 µM of N-acetylcysteine, 150 µM of EGCG, 85 µM of selenium, 7 µM of copper and 4 µM of manganese and 4 µM calcium.
EGCG. EGCG was obtained from Sigma (St. Louis, MO, USA) in powder form. EGCG (50 mg) was dissolved in 5 ml of RPMI-1640 medium and pH of solution was maintained at 7.0.
Ascorbic acid. Ascorbic acid was obtained from Sigma, in powder form and was dissolved in RPMI-1640 medium as to prepare a 10 mg/ml stock solution. The pH was adjusted to 7.0.
All stock solutions were filter sterilized using a 0.22-µm filter, aliquoted into Eppendorf tubes and stored at -20˚C until the day of the experiment. For the experiments, aliquots were thawed on the day of the experiment and used for one experiment only.
Zymography for MMP-2 activity. Cells were plated at density of 1x10 5 cells/ml of RPMI-1640 media with 10% FBS in 25 cm 2 flasks. They were treated with various concentrations of the test compound for three days and then starved and treated with various amounts of the test compound for 24 h. The cells were then centrifuged and the supernatant collected and concentrated 10-fold. Appropriate amounts of the supernatant were loaded on 10% acrylamide gels with 10% gelatin and run at 90 V and zymography was conducted as described previously (22) .
ELISA for MMP-2 secretion. MMP-2 released from cells were determined by ELISA using MMP-2 detection kits (Roche, Mannheim, Germany). Supernatant from cells grown under different conditions was diluted with appropriate amounts of assay buffer supplied with the kit and experiments were performed according to the manufacturer's instructions.
Western blotting for detection of the MMP-2 translational level.
Proteins were extracted from cells treated with various concentrations of the test compound and kept at -70˚C. The proteins were quantified and then appropriate amounts of proteins were run on 10% acrylamide gel at 90 V and then blotted onto a polyvinyl difluoride (PVDF) membrane electrically at 30 V overnight. The membrane was probed with primary antibodies for MMP-2 (Santa Cruz Biotechnology). A secondary antibody linked to horseradish peroxidase specific to the primary was used and then the reaction was initiated using a chemiluminescence system. Bands were visualized on an X-ray film developed using Xomat. Equal loading was ensured using an antibody specific for GAPDH (Santa Cruz Biotechnology).
RT-PCR for MMP-2 transcriptional level detection.
After treatment with different test compounds, cells were collected and stored at -70˚C. Total RNA was extracted from the cells using NucleoSpin RNA II kit (Macherey, Nagel). Then, 2 µg of mRNA were reverse transcribed into first strand cDNA using RT-PCR kit; Reddy Mix Version (Abgene, Promega). PCR was conducted in 50 µl volume using oligonucleotide primers for MMP-2 (S: 5'-GTGCTGAAGGACACACTAAAGAAGA-3'; AS: 5'-TTGCCATCCTTCTCAAAGTTGTAGG-3') and ribosomal protein (S: 5'-GTTCACCAAGGAGGACCTCA-3'; AS: 5'-CAC-ATTAGGCAGAGGTGTCT-3') as described previously (22) .
Results
Effects of the test compounds on MMP-2 activity.
In order to check the effect of EGCG, AA and SNS treatment on cellular invasion potential, zymography was conducted by measuring the gelatinolytic activity of MMP-2. Starting with AA, it had an inhibitory effect on this activity only at the maximum concentrations tested, 150 µM for the Hut-102 and CEM cell lines and 100 µM for the C91-PL and Jurkat cells (Fig. 1) . On the other hand, EGCG induced a dose-dependent reduction in the activity of MMP-2 in all cell lines, which culminated in its total inhibition at 225 µM for Hut-102; while total inhibition occurred at maximum concentrations for the C91-PL (75 µM), CEM (100 µM) and Jurkat (250 µM) cell lines (Fig. 3) . Finally, with respect to the effect of SNS, it induced total inhibition of MMP-2 activity in the CEM cells at 300 µM, while promoting a dose-dependent decrease in this activity in the remaining three cell lines which culminated in total inhibition only in the Hut-102 cells at the maximum concentration used (400 µM) (Fig. 5) .
Effects of the test compounds on MMP-2 secretion.
To further confirm the effect of the test compounds on MMP-2 secretion quantitatively, ELISA was performed on the supernatant of cells grown on serum-free media. As illustrated, the inhibitory effects of SNS, EGCG and AA on the secretion of MMP-2 seem to be, in general, more pronounced in the non-infected malignant T-cells (CEM and Jurkat) than the infected (Figs. 1, 3 and 5 , histograms). The highest fold decrease induced by AA was in the CEM cells (Fig. 1) while that for EGCG (Fig. 3) and SNS (Fig. 5 ) was in the Jurkat cells. Nonetheless, both HuT-102 and C91-PL cells exhibited a ~4-fold decrease in the level of secreted MMP-2 after a 96-h treatment with EGCG ( Fig. 3) and SNS (Fig. 5) , respectively. Moreover, AA was the most potent compound in the latter cell line (Fig. 1) .
Effect of test compounds on the transcriptional level of MMP-2.
For evaluating the effect of each of EGCG, AA, and SNS on the transcriptional level of MMP-2, RT-PCR was conducted on the mRNA isolated from treated cells (Figs. 2, 4 and 6). As can be seen, AA had no effect on MMP-2 mRNA levels in any of the tested cell lines (Fig. 2) , while EGCG reduced the mRNA levels of MMP-2 in all four cell lines in a dose-dependent manner culminating in almost total inhibition at maximum concentrations in the HTLV1 infected cells (325 µM for the Hut-102 cells and 75 µM for the C91-PL cells) (Fig. 4) . As for SNS, it caused a reduction in the activity at the lowest concentration used (200 µM) in the CEM and Hut-102 cell lines that was not altered by the increase in tested concentration, while inducing a dose-dependent decrease that ended with almost total inhibition in MMP-2 mRNA levels in the C91-PL and Jurkat cells at the maximum concentration (400 µM) (Fig. 6) . Equal loading was ensured using ribosomal protein.
Effect of test compounds on translational levels of MMP-2 and MMP-9.
In order to investigate the effect of the test compounds. The translational levels of MMP-2 were measured by western blotting (Figs. 2, 4 and 6) . AA did not show any significant effect on MMP-2 protein level of the HTLV1-positive cells (HuT-102 and C91-PL), however, it acted at maximum concentrations to reduce MMP-2 levels in the HTLV1-negative cells (150 µM for CEM and 100 µM for Jurkat) (Fig. 2) . On the other hand, the MMP-2 protein levels were totally inhibited by EGCG starting from 225 and 200 µM in the Hut-102 and Jurkat cells respectively, while decreasing dose-dependently inhibition in the other two cell lines that concluded with total loss of MMP-2 protein at maximum concentrations (75 µM for the C91-PL and 250 µM for the CEM) (Fig. 4) . Finally, SNS reduced the protein levels of MMP-2 in all four cell lines in a dose-dependent manner culminating in almost total inhibition at maximum concentration (400 µM) in the C91-PL and CEM cell lines (Fig. 6 ).
Discussion
The majority of cancer-related deaths come as a result of the development of secondary tumors at distant sites which occurs upon the dissemination of the metastatic tumor cells (25) . This process relies on the crossing of the endothelial basement membrane which is promoted by the overexpression of MMPs, especially MMP-2 and MMP-9 (4). In patients suffering from ATL cell infiltration, a significant increase in plasma MMP-9 was observed (26) . Moreover, MMP-2 expression has been shown to be correlated with multi-organ extramedullary infiltration in adult acute lymphoblastic leukemia (ALL) (27) . These MMPs have been dubbed as potential prognostic and diagnostic biomarkers in various cancer types and stages and have therefore been targeted by a wide variety of inhibitors, only to be met with failure in clinical trials (4) . We have previously reported that each of AA, EGCG and SNS induce apoptosis and cell cycle arrest in vitro in both HTLV-1 infected and non-infected malignant T-lymphocyte cell lines (14, 15, 17, 21) and dose-dependently inhibit MMP-9 expression and activity in HTLV-1-positive cells (22) (Harakeh et al,  unpublished data ). In the current study, we further investigated the potential of these natural compounds to inhibit MMP-2 activity as well as its mRNA and protein expression levels in four malignant T-lymphocytic cell lines, of which two were infected with HTLV-1.
According to our results, it seems that while each of AA, EGCG and SNS significantly and dose-dependently inhibited the level of secreted MMP-2, their inhibitory effects on MMP-2 activity, transcriptional and translational levels as they pertain to the different malignant T-cell lines used, were quite different.
AA is unique among other vitamins in that it is implicated in ECM formation and thus it increases ECM strength and can block cancer spread (28) . In addition to its effects on HIV replication (29) (30) (31) (32) (33) , and its anticancer effects (17) , AA has shown inhibitory effects on matrix metalloproteinases (34, 35) . In our study, ascorbic acid was only effective against the MMP-2 gelatinolytic activity at the highest dose applied in each of the four malignant cell lines and this effect was independent of transcription and, at least in the case of the HTLV-1-negative cell lines, might be related to the AA inhibitory effect on translation. This is in accordance with previous research which showed that a derivative of AA, phospho-ascorbyl palmitate, had an antimetastatic effect on fibrosarcoma and melanoma cell lines by inhibiting the production and enzymatic activity of matrix metalloproteinases (MMP-2 and MMP-9) (34). It was also shown by Nagao et al that it takes repeated supplementation of L-ascorbic acid to inhibit tumor invasion by inhibiting the production of MMPs and cell motility (35) , which would explain the high dose of AA required to induce an effect in our tested cell lines. While the mechanism behind MMP-2 expression is mostly unknown (36) , the functional activity of MMPs is known to be detained by tissue inhibitors of metalloproteinases (TIMPs) and to be impacted by reactive oxygen species (ROS), where excess production of ROS, in association with the myeloperoxidase enzyme, would eventually inactivate MMPs (37) . Ascorbate has been shown to promote H 2 O 2 -mediated cell death (38, 39) and a combination therapy of AA and vitamin K significantly decreased both the activity and protein expression of MMP-2 and MMP-9 while increasing the protein expression of TIMP-1 and TIMP-2 (40) . As such, the high dose of AA possibly decreased the enzymatic activity of MMP-2 through the production of large amounts of ROS or via an inductive effect on TIMPs.
EGCG seemed to strongly inhibit the MMP-2 activity as well as its mRNA and protein expression levels that culminated with their total inhibition at various concentrations in the four cell lines. Moreover, it is quite apparent that EGCG was more potent, on every level, than AA which only resulted in significant inhibition at the highest tested concentrations. The inhibitory effect of EGCG on the activity of MMP-2 was previously documented to occur in multiple cancers (41) (42) (43) (44) (45) . One study found green tea polyphenols to be more effective than other MMP inhibitors in counteracting the activity of MMP-2 and MMP-9 in glioblastomas and pituitary tumors (46) . MMP-2 is involved in various physiological processes via its degrading action on both extracellular and non-extracellular matrix components which endows it with a potential to cause tissue damage. The MMP-2 activity is tightly regulated at multiple levels including transcription, compartmentalization, pro-enzyme activation, and inhibition of the active enzyme by extracellular inhibitors (47) . Unlike most MMPs, proMMP-2 is activated at the cell surface via a distinctive multistep mechanism that involves MT-MMPs, which act as physiological activators of MMP-2; however like other MMPs, its activity is tightly modulated by TIMPs (48) . EGCG was shown to obstruct the activity of MMP-2 and its activation from the proMMP-2 zymogen form in various human brain tumors (46) . The inhibitory effect of this green tea extract on the activity of MMP-2 can be via its direct binding to this protease or through its indirect effect on MT1-MMP and TIMP (49, 50) . The production of MMP-2 in cancer cells has been shown to be regulated by both p38, JNK and PI3K (51) . Treatment with EGCG decreased MMP-2 mRNA expression through the abrogation of the signaling in the highly invasive CL1-5 lung cancer cells (52) , DU145 human prostate carcinoma cells (53) , pancreatic carcinoma (54) and human bladder cancer cells (55) .
Finally, with respect to SNS, it showed a variable profile since it dose-dependently inhibited MMP-2 gelatinolytic activity and protein expression levels in all four cell lines, its inhibitory effect on the mRNA in the Hut-102 and CEM cell lines was slight and unaltered by increasing the dose of SNS while being dose-dependent in the C91-PL and Jurkat cells. Therefore, the effect of SNS was independent of infectivity with HTLV-1 and was solely dependent on the cell line in question. Moreover, SNS was more effective than either AA or EGCG on the inhibition of MMP-2. In agreement with our results, SNS has been reported to inhibit the expression of MMP-2 and MMP-9 in a number of cancer cell lines (8) (9) (10) (11) (12) (13) . The inhibition of MMP transcription, translation and activity by SNS may be due to the synergistic effect of EGCG and AA as well as some of its other constituents [magnesium, copper, N-acetylcysteine (NAC) and selenium]. In fact, the supplementation of cultured rat cardiac fibroblasts with a range of extracellular magnesium concentrations resulted in a dosedependent decrease in MMP-2 production (56) while copper deficiency in acute lung injury was associated with increased pulmonary MMP-2 and MMP-9 activity (57). Moreover, the treatment of intestinal myofibroblasts isolated from patients suffering from Crohn's disease with NAC decreased MMP-2 secretion and restored its activity to physiological value (58) . NAC was also shown to decrease the expression and activity of MMP-2 in hepatic fibrosis of bile duct ligated rats while normalizing the expression of TIMP-2 (59) . Similarly, monomethyl selenium inhibited MMP-2 expression in vascular endothelial cells (60) and selenium downregulated the gene expression of MMP-2 in human malignant brain tumor cells in vitro (61) . Note that the same specific nutrient synergy exhibited anti-angiogenic, anti-metastatic, and anti-invasion roles both in vitro and in vivo and was proven to be non-toxic even at very high doses (7) .
The present results show for the first time the variability in the effects of AA, EGCG and SNS on MMP-2 activity as well as its mRNA and protein expression levels in HTLV-1-infected and non-infected malignant T-cells. It seems that while AA was able to modulate the activity to a certain extent, on the protein expression levels of MMP-2, it was outdone by both EGCG and SNS which quite potently inhibited MMP-2 at every level. Therefore, these nutrients should be considered as a supplementary, economical and safe approach in the treatment of ATL.
